A high current, high voltage, all solid-state pulse modulator has been developed for use in the Plasma Electrode Pockels Cell (PEPC) subsystem in the National Ignition Facility.
I. INTRODUCTION
The addition of Advanced Radiographic Capability, i.e., short duration probe beams, to the National Ignition Facility of the Lawrence Livermore National Laboratory requires a new generation of switch pulse generator for the Plasma Electrode Pockels Cell.
As currently deployed, PEPC interacts with the laser on the second and third passes through the laser's main amplifier, rotating the polarization of the light by two increments of 90º by employing a single, high voltage pulse. On the other hand, ARC PEPC will be required to turn on for a second time approximately 1 µs later to interact with an energetic reflected beam, sending it into a beam dump, thus protecting the relatively low-power front end of the laser.
II. BACKGROUND
Described in detail in previous publications, the NIF PEPC is an enabling technology, permitting the facility to take advantage of a four-pass architecture, reducing the overall size and cost of the laser. 1, 2 Briefly, the Pockels cell, used in combination with an optical polarizer, forms an optical switch that can be employed to trap and then release a beam from an optical cavity, thereby taking full advantage of the available optical gain. PEPC interacts with the beam on its second and third passes through the main amplifier, introducing successive 90º polarization rotations that allow the beam to pass through and then reflect off a thin film polarizer.
A thyratron-switched 6.25 • pulse forming line has served as the basis for the switch pulse generator (SPG) that is currently deployed in large numbers in the facility. 3 This pulse generator delivers a excitation that results in a 300ns (FWHM), 17 kV, flattop pulse being applied to a nonlinear crystal to produce the required birefringence. Transient helium plasmas serve as electrodes for coupling to the crystal. From an electrical standpoint the KDP crystal, sandwiched between two plasma electrodes looks like a capacitance of ~6 nF. In the standard PEPC, this impedance is shunted by a series combination of a 7.5 Ω resistor and a 75 nH inductor; these elements were designed for the original PEPC to modify the rise-and falltimes of the applied pulse (offsetting to a degree the effects of the very large capacitance) and to give a slight voltage "step-up." The pulser is temporally isolated from the load by 60 m of cable to minimize interaction and non-ideal transients.
Adding the probe beams of the ARC system places significant new requirements on PEPC. The added requirements may be understood in the following context: Energetic reflections, an inherent aspect of employing short duration, high power laser pulses, pose a threat to the low power "front end" of the laser. While the details of the optical beamline are beyond the scope of this discussion, the most straightforward solution for protecting the front end of the laser is to have PEPC turn on for a second time, approximately a microsecond after the laser gain pass through the main amplifier, rotate the polarization of the light by a third increment of 90º and allow the light to be safely trapped in a beam dump. The concept is illustrated in the timing diagram of Figure 1 . While it appeared to be possible to adapt the existing technology to supply a second pulse, the chosen (and superior) path employs a topology that has been developed over the past several years by and for the LLNL Beam Research Program. 4 .5
III. DISCUSSION
The architecture of choice for the double-pulse SPG is a MOSFET-switched inductive adder. 5 This circuit topology offers many features that are particularly wellsuited to the task at hand: the ability to generate flattop pulses with little droop, burst mode capability, continuously variable pulse separation/burst frequency agility, variable pulse width, as well as fast rise and fall times. Other features include the following:
• Modular design • All drive components are ground referenced thus eliminating the need for floating/isolated supplies • No high voltage grading is required • Inherently low source impedance • Pulse format defined by a programmable, low voltage pulse generator.
With reference to the modulator block diagram in Figure 2 , the pulse generator employs multiple, stacked 1:1 transformers in which each transformer primary is separately excited. Secondary windings are connected in series so that the modulator output in sum of the primary voltages. (As implemented, the secondary is a continuous rod traversing all primaries.) Modular in nature and welladapted to printed circuit card implementation, the modulator employs a total of twenty-seven identical 750 V stages to achieve the required 17 kV output. Each stage comprises twenty-four pairs of high speed MOSFETs in parallel (split between two identical circuit boards), and configured so that each pair of FETs has its own gate drive circuitry and storage capacitance. Boards plug directly into the housing of the transformer core. MOSFET switches are rated at 1200 V and are capable of conducting in excess of 80 A in pulsed mode. However, by operating with a peak current of only ~62 A it is possible to significantly reduce the voltage drop across each device. The pulser is able to reliably deliver the nearly 3 kA pulse required to provide a 17 kV excitation at the Pockels cell. The risetime of the output pulse is approximately 20 ns while the falltime is purposely held to ≥20 ns to avoid excessive voltage transients in the system. These rise-and falltime parameters are achievable largely because of small inductance in the FET/capacitor/transformer primary loop. Transient protection circuitry resides on separate boards that plug directly into the housing of the transformer core to minimize loop inductance. The high speed diodes allow currents established in the transformer to continue to flow while the MOSFETs turn off. A total of 20 diodes, providing a surge current rating of more than 10 kA, is installed on each core. The large number of diodes, which at first blush seems excessive, is required to limit the diode forward voltage and properly protect the MOSFETs during the diode turn-on transient. Transorbs, also mounted on the same board, ensure that the reset current can develop sufficient voltage across the primary winding to properly reset the core. (Without the transorbs the voltage would be limited to the drop across the forward-biased diodes.)
Reset for the magnetic cores of each transformer is provided by an inductively isolated 5 V DC power supply delivering approximately 2.5 A to the common single-turn secondary. Cores are wound with 0.8 mil Metglas 2605 SA1, insulated turn-to-turn with Namlite.  With reset the cores have an available ∆B of ~3 T. The modulator is able to deliver a single pulse with a duration of 1.5 µs at full voltage without saturating the cores and/or exceeding the allowable droop. While the cores reset in the 5 seconds elapsing between bursts, no appreciable resetting can occur between pulses in the burst. To add an additional measure of protection against core saturation and its attendant problems, an passive integrator limits the total duration of the pair of pulses in a burst.
For temporal precision and noise immunity, the master trigger for the system is a single optical pulse. This pulse is then used to trigger a programmable trigger generator that in turn produces a pair of pulses that determine the duration and separation of the output pulses.
A single ended DC power supply provides the energy that is stored in the more than 400 on-board film capacitors. The input setpoint voltage of the supply is clamped to prevent overcharging of the system. Distribution of the supply voltage is the role of the spine board that spans the entire stack of modules.
The modulator has been designed with fault tolerance and maintainability in mind. In particular, the parallel nature of the system allows a number of components to fail before the modulator must be serviced. When service is required, LEDs incorporated into the boards guide the technician to the region, if not the specific part that requires maintenance. Virtually all components can be replaced by simply replacing the board on which they reside.
A fully operational modulator is depicted in Figure 3 with special emphasis on the semicircular 12-channel carrier board, which plugs into the housing of the core, making a reliable current connection via Ball-Spring. The pulser is housed in a standard 24"x36" rack approximately 5' tall. Eight RG-217 coaxial cables plug into the top of the pulser and deliver the pair of high voltage pulses to the Pockels cell located a significant distance from the pulsers. 
IV. TEST RESULTS
Four modulators have been operated successfully into both dummy loads and an operating plasma electrode Pockels cell, sustaining 1 Hz operation for days at a time and accumulating thousands of pulses. (Note that deployed modulators will run at 0.2 Hz for approximately 5 minutes to support each NIF shot.) A two-pulse burst from the modulator is shown in Figure 4 . Note that the rise-and falltimes at the Pockels cell are heavily influenced by the capacitance of the crystal. As described previously, internal risetimes are on the order of 20 ns while cell rise-and falltimes are on the order of 100 ns. Also of note are the inter-pulse interactions between the modulator and the cell. The majority of the activity is due to rise-and fall-generated reflections propagating back and forth between the cell and the modulator. While this level of distortion in the flattop of the second pulse is acceptable (given the sine-squared voltage dependence of a Pockels cell and the ability to adjust timing to offset the effects of interaction) there is an on-going effort to optimize/reduce cell reflections and interactions without having to resort to excessively long cables between the modulator and PEPC. Figure 4 . Double pulse applied to Plasma Electrode Pockels Cell. Rise-and falltimes and heavily dominated by capacitance of the load. Rising and falling edgegenerated reflections are obvious between pulses.
Figure 4 displays nominal pulsewidth of ~300 ns (FWHM), based on original PEPC requirements that were dictated by a fixed pulsewidth. However, pulsewidth agility is inherent in the new modulator design and can be utilized to accommodate probe beams that lead or lag the main laser pulses by significant amounts. The control system being developed and tested for ARC PEPC will set both pulsewidth and pulse separation in accordance with specific experimental requirements.
V. CONCLUSION
Inductor adder technology has been applied to the NIF ARC PEPC. Preliminary testing has shown the modulators to be reliable and fully capable of delivering the pair of required 17 kV pulse to the cell with required reliability. Pulsewidth agility and burst capability are keys to the success of the modulator design. Development of the control system is on-going and deployment of the new system in NIF is expected within the calendar year.
